Abstract-Fiber-optic acoustic sensors are being developed for the detection and location of partial discharges in oil-filled transformers. The partial discharges can be detected acoustically and located by the triangulation method with the sensors placed inside the transformer tank. In this application, the directionality of the sensor should be as flat as possible within at least 40 from the sensor axis and for a frequency range up to 150 kHz. A calculation of the directionality of a fiber coil acoustic sensor was made using a plane wave approximation. The calculation showed that if the diameter of a fiber coil is less than 20 mm, its directionality is relatively flat within 40 for frequencies lower than 150 kHz.
I. INTRODUCTION
P ARTIAL discharges in transformers are an indicator of the condition of the solid insulation as they are localized electrical breakdown of small voids (which should not be present in good insulation). They may be detected electrically as pulses in the supply circuit but this gives no indication of location. A method for locating the partial discharge (pd) sites is provided by locating piezoelectric transducers on the outside of the transformer tank and attempting triangulation. However, this method is vitiated by the different velocities of sound in the solid insulation, in the oil and in the steel of the tank walls, which thus tend to provide multiple routes, and travel times, between source (pd site) and transducer [1] .
The advantages of using fiber optic sensors in this application are that the fiber sensor can be placed inside the transformer tank without affecting the insulation integrity, and that fiber optic sensors have intrinsic immunity to electromagnetic interference. By placing the sensor heads inside the tank, instead of mounting them on outside wall of the tank (as with piezoelectric sensors), Manuscript received April 12, 1999; revised February 7, 2000 . This work was supported by the Hong Kong Polytechnic University under Project 350/263.
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Publisher Item Identifier S 0733-8724(00)05071-4. the above problems arising from the different velocities of sound will be greatly diminished and the accuracy of locating partial discharges by triangulation should be very much improved. The frequency range of the sensor needs to be 50-300 kHz, the sensitivity should be at least 0.2 Pa, and the sensor should be able to respond to ultrasonic waves at a wide range of incidence angles for the purpose of locating partial discharges [2] , [3] . If we put the sensor heads at the corners of the transformer, as shown in Fig. 1 , the response of the sensor should be relatively flat over at least 40 from the normal, to enable efficient triangulation.
The directionality, or directional sensitivity, of a fiber sensor to a sound wave depends on the sound frequency and wavelength, and on the geometric structure of the sensor. For a fiber acoustic sensor configured as a fiber coil, the directionality of the sensor is not isotropic when the sound wavelength is less than the diameter of the coil. The higher the acoustic frequency, the greater the effect of the incidence angle on the response. The velocity of acoustic waves in transformer oil is about 1400 m/s. For a 100-kHz ultrasonic wave, the wavelength is therefore 14 mm, while for 300 kHz the wavelength is only 5 mm. By using a high-NA bend-insensitive fiber, a fiber coil diameter of 10 20 mm can be realized [4] . The reduction of coil size is limited by the bend loss and by the fact that a long fiber length is needed for high sensitivity.
In this paper, a theoretical calculation of the directionality of a fiber coil acoustic sensor is first presented based on a plane wave approximation. Then, an experiment to measure the directionality of a fiber acoustic sensor is described and the experimental results given. These showed a general agreement with the calculation in terms of the maxima and minima but a much lower sensitivity than expected for waves incident close to the normal. This effect is discussed and suggestions as to its origin are put forward.
II. DIRECTIONALITY CALCULATION FOR A FIBER COIL ACOUSTIC SENSOR
In designing the fiber acoustic sensor for partial discharge detection, it is necessary to make a theoretical calculation of the directionality, in order to choose the parameters according to the requirements of the application and to ensure acceptable directionality. In this section, a simplified calculation of the directionality of the fiber coil acoustic sensor is presented.
A. Derivation of the Directionality Expressions Using the Plane-Wave Method
The geometric structure of the sensor is shown in Fig. 2 . The fiber is wound layer by layer to form a hollow cylindrical coil with inner radius , outer radius , and height . The outer diameter of the fiber is , and the total fiber length is .
When put into an acoustic field, the fiber will experience a strain according to the variation of the sound pressure and the position of the fiber in the field. When light propagates along the fiber, an additional phase shift will be induced by the strain and by means of the acoustooptic effect. Let this phase shift per unit fiber length be , where is the coordinate along the fiber. The total phase shift induced by sound pressure is (1) Because of the time delay of the light propagating through the fiber, the variable in the right-hand side of (1) should be replaced by , where is the effective light velocity in the fiber. Thus (2) The induced acoustooptic perturbation depends on the local strain in the fiber coil. An accurate analysis of this strain, considering the composite medium of glass fiber, coating and encapsulating material, as well as reflections from the boundaries, is a complicated. Here, we adopt the approximation method used by Knudsen and Bløtekjaer [5] , in which, an incident plane wave with its direction of propagation inclined at an angle with the coil axis ( -axis) is considered, and the induced acousto-optic perturbation is taken to be proportional to the amplitude of the sound field at every point. Reflections at the transducer boundaries and effects due to the composite structure are neglected. The perturbation due to a plane wave can be written as (3) where peak amplitude of the perturbation and is proportional to the acoustic pressure field; and acoustic angular frequency and the amplitude of wave vector, respectively; , , and cylindrical coordinates.
By substituting (3) into (2) , and assuming that is approximately constant in one turn of fiber, we have the contribution of one turn of fiber to the as
The integral in the right-hand side of the above equation is equal to , where is the zero-order Bessel function of the first kind. Thus (4) The contribution of one layer of fiber to the is the sum of the contribution of turns, where is the number of turns in one layer. Approximating the sum by an integral and assuming also that is approximately constant within one layer,
The integral in (2) may be evaluated by integrating over the cylinder radius from to (6) In this evaluation, the fiber length coordinate needs to be expressed approximately as a function of : (7) Substituting (7) into (6), we have (8) The integral in the right-hand side of (8) does not have an analytical solution, except when the acoustic wave is incident parallel to the -axis (i.e.,
). In this case, , and (8) reduces to (9) where (10) Substituting into (9) , where is the velocity of sound in the composite fiber material It can be seen from (12) that is at its maximum when and when . Thus, that for a given fiber length , a planar coil has maximum acoustic sensitivity in its normal direction. However, for a given , a planar coil will have the largest outer diameter, so it will have the narrowest directionality. For a flat directionality, must be a compromise. If is half the wavelength of sound, , where , is 0.64 of the maximum value at . This means that for a given coil height , the acoustic sensitivity in the normal direction of the coil is not simply proportional to the fiber length , but has a maximum at
. For values of greater than , the sensitivity will decrease with increasing . This is because of the finite propagating velocity of light in the fiber. When , the sensitivity in the normal direction is approximately proportional to the fiber length for a given . The typical values of and are and 2300 m/s, respectively, [5] . If we consider a 100-kHz ultrasonic wave, then m, which is much longer than a practical length of sensing fiber. Therefore, in the relevant frequency range and for a fiber length of 100 m or less and for a given coil height , the sensitivity in the normal direction is virtually proportional to the fiber length. In calculating the directionality the time-varying amplitude of is not needed, so, from (8), (13) where
In (6), if , will be approximately equal to 1, then the integral can become simpler with . By doing this the effect of the time delay as the light wave propagates along the fiber is neglected. For example, if kHz, m, then . So, neglecting the time delay would introduce an inaccuracy.
B. Numerical Calculations and Explanations of the Results
The numerical calculation of (12)-(15) was made by a FOR-TRAN program. The results for different frequencies and fiber coil parameters are shown graphically in Figs. 3-8. The fiber outer diameter was taken as 140 m, which is close to that of one of the high-NA sensing fibers. The inner diameter of the coil was taken as mm, which is acceptable when considering the bending loss for high-NA sensing fibers [4] . The velocity of sound in the material was again taken as m/s. In Fig. 3 , the outer diameter of the fiber coil was fixed as mm, and the height of the cylinder was taken as a half of the sound wavelength, which is changed with the sound frequency. The curves show the relative response with the maximum ( ) normalized to unity. It can be seen from the curves that the directionality is relatively flat for small but narrow and variable for large . For a comparison, the curves with the same parameters as in Fig. 3 but using the simplified formula, that is, neglecting the exponential factor in the integral of (6) , are calculated and shown in Fig. 4 . It can be seen from Figs. 3 and 4 that the inaccuracy of the simplified model is negligible for lower frequencies and small angles of incidence, but is not negligible when the frequency is high and the incidence angle is large.
Figs. 5 and 6 are for various coil outer diameters from 10 mm through 15 mm, and sound frequencies of 100 and 150 kHz, respectively. The height of the cylinder is also taken as a half of the sound wavelength . Because the height of coil is kept constant (equal to ) for the curves at each frequency in these two figures, and is the same for all of them, a larger corresponds to a longer fiber length in the coil. Therefore, the response is higher for a larger in each of these two figures. In Figs. 5 and 6, the ordinates represent the quantity of , which has the dimension of length, so we can call this quantity the effective fiber length of the coil. The physical meaning of this quantity is that when a fiber is wound into a coil as an acoustic sensor of high frequency sound wave (short wavelength), its sensitivity is no longer equal to the sensitivity per unit length of fiber times the sensing fiber length, but depends on the coil geometry, the sound wavelength, and the incidence angle of the sound wave. Alternatively, we can regard the sensitivity of the coil to be equivalent to the sensitivity per unit length of fiber times the effective fiber length.
Figs. 7 and 8 show the effective fiber length ( ) versus the angle of orientation for a fixed fiber length m, a cylinder height varying from 0.1 to 0.5 for kHz, and from 0.1 to 0.8 for kHz, respectively. It is shown that for a given fiber length, the smaller the coil height , the higher the sensitivity in the normal direction, but the narrower the directionality. It can be seen from these two figures that for a 100 kHz ultrasonic wave, if we use a 140-m OD fiber of length 100 m, and let mm (0.4 ), we can get a fairly flat directionality within 40 of incidence angle, but for 150 kHz, in order to obtain a nearly flat directionality within 40 , we need to set . The sensing coil can be designed using the calculations of directionality and the graphical analyzes presented above. Taking the fiber length m, and the central sound frequency kHz, m/s, and mm, if mm, m, then from (10) mm. For 100 kHz is 0.4 , and for 150 kHz, it is 0.6 . The curves of for this coil versus the angle of orientation were calculated and plotted as shown in Fig. 9 . It can be seen from this figure that the directionality of this fiber coil acoustic sensor is acceptable for partial discharge detection and location.
The sensitivity of the sensor to the sound pressure can be estimated as follows. Let represent the effective fiber length , then the induced optical phase shift of the fiber sensor is
The quantity ( ) is 4.9 for common glass fibers [5] .
, where is the wavelength of the light in free space and, is the effective refractive index of the fiber. For example, for nm and a minimum detectable sound pressure of 0.02 Pa, which is the minimum practical sound pressure of partial discharges in oil [3] , we have rad for m. That means the demodulation circuit needs to detect a phase shift as small as 5.4 10 radians.
A calculation of the directionality of a fiber coil sensor, has been presented based on a plane wave approximation. This did not take into account the elasticity and resonance of the fiber coil as an elastic body, nor the difference in acoustic impedance of mineral oil as compared with that of the fiber coil material. Because of these effects, the acoustic wave around the coil is not a plane wave and neither is the acoustic wave inside the coil a plane wave, especially when the acoustic wavelength is comparable to the coil size. An accurate solution of this problem is not an easy task, and is beyond the scope of our present investigation.
III. EXPERIMENTAL MEASUREMENT OF THE DIRECTIONALITY OF A FIBER COIL
In developing an acoustic sensor, its directionality must be determined. Also, through the measurement of the directionality of a specific coil sensor, we can check the accuracy of our simplified theoretical analysis. In this section, a method of measuring the directionality of the fiber coil acoustic sensor in mineral oil is presented, the experimental setup for such a measurement is described, and the results obtained for a small fiber coil in the frequency range of 50-300 kHz are given.
A. Technique for Measuring Directionality
The directionality of an acoustic sensor is the sensor's response to the acoustic waves incident upon it from various directions. Such a measurement should be carried out in a homogeneous plane-wave field, a situation which may be approximately fulfilled by a point source at sufficient distance. When directionality measurements are made in a laboratory setting, that is, in a water tank or an oil tank, the acoustic waves will be reflected by the boundaries, and the reflected waves will overlap with the direct wave, and generate standing waves. In this case, the sound field intensity will not be uniform, but be changing periodically with position. Within the frequency range of interest, the spatial period of the standing wave is about 0.5-3 cm. Since the sensor size is comparable to this, the different parts of the sensor coil will experience different sound amplitudes and affect the measurement.
To solve this problem, a gating technique was used in which the output of a sine-wave generator was gated into a series of tone bursts. A suitable delay was arranged to match the distance between the sound source and the hydrophone with the dimensions of the tank, so that the measuring gate is open only while the direct wave is being received, and is closed when the reflected wave arrives. If the time needed for the direct wave to travel from the source to the sensor is , and the time needed for the first reflected wave to travel from the source to the sensor is , the duration of the tone burst should be shorter than the time difference
. Because the reflection coefficient of the sound wave at the boundary of the tank is high, the reflected wave has to go back and forth several times to be attenuated to a negligible level. Therefore the time interval between the tone bursts should be long enough to achieve this attenuation.
A plastic box was used as the oil tank in these experiments. This had a length of 0.61 m, a width of 0.40 m, and was filled with mineral oil to a depth of 0.315 m. The source and the sensor were placed centrally in respect of the width and depth. The distance between the source and the sensor was 0.110 m. The distance from the sensor to the nearer end wall was 0.23 m (see Fig. 10 ).
Taking the velocity of sound in mineral oil as 1400 m/s, m s. In the case of the wave reflected by the tank bottom and the top liquid surface [ Fig. 10(a) ], the time taken by the wave to travel from the source to the sensor is s. For the wave reflected by the side walls [ Fig. 10(b) ], the time taken is s. For the wave reflected by the end wall near the sensor, as illustrated in Fig. 10(c) , the time taken is s. Because is the smallest among the three values, the reflected wave that arrives first is that reflected by the bottom and the top surface. Therefore the duration of the tone burst should be less than s. This duration was therefore taken as s. It was found that it takes about 10 ms for the reflected waves to travel back and forth in the oil tank and attenuate to a negligible level. Thus, in the experiment, the interval between the tone bursts was taken as ms.
B. Experimental Setup for Directionality Measurement
The setup for the directionality measurement is shown schematically in Fig. 11 . The sine wave generated by the sine wave generator is gated by the gate circuit to produce a series of tone bursts. The gate circuit is driven by the pulse generator. The gate circuit includes a follower, which amplifies the signal current to drive the capacitive load of the piezoelectric transducer.
The transducer emits an ultrasonic tone burst wave, which propagates in the oil and is sensed by the fiber coil sensor. The output of the sensor demodulation circuit is measured by one channel of the digital oscilloscope, which is triggered synchronously by the pulse generator. The driving signal of the piezoelectric transducer is measured by another channel of the oscilloscope. From the display of the oscilloscope the time delay between the driving signal and the sensor output can be observed, that is, the propagation time of the ultrasonic wave from the transducer to the sensor. By properly adjusting the time scale and delay of the oscilloscope the sensor signal of the direct wave and the reflected waves of different orders are observed. The sensor is mounted on a rotatable holder, so its orientation can be changed continuously. The amplitude of the fiber sensor output was measured with the digital oscilloscope. With the driving voltage of the piezoelectric transducer kept constant at a given frequency, and the angular orientation of the sensor changed in steps, the directionality of the fiber sensor can thus be determined.
The sine wave signal generator is an ordinary laboratory signal generator with a frequency range to 1 MHz, an output amplitude to 10 V, and an output impedance of 600 . The gate circuit and the pulse generator were made by using ordinary integrated circuits and other components [6] . The pulse generator was adjusted to give a pulsewidth of 150 s, and a time interval of 15 ms [6] .
The ultrasonic sound source used in the experiment was a Brüel and Kjaer piezoelectric hydrophone Type 8103. This is a reverse use of the hydrophone, as suggested by the manufacturer in the Technical Documentation for the hydrophone. A typical transmitting frequency response for the hydrophone when used as a source is shown in Fig. 12 [7] . The hydrophone is 50 mm long and 9.5 mm in diameter. The acoustic center is 7 mm from the tip. The hydrophone was mounted at the end of a plastic tube 12 mm in diameter and was mounted on a plastic beam placed on top of the oil tank.
The fiber coil was fixed on a plexiglass rod, which was mounted on a plexiglass frame and could be rotated manually. A dial was fixed on the rod to indicate the orientation of the fiber coil, that is, the angle between the fiber coil axis and the line connecting the coil center and the source center. Fig. 13 is a photograph of the experimental setup.
C. Fiber Sensor
The fiber coil used was made of bend-insensitive fiber, a single-mode fiber operating at 830 nm, with NA of 0.16, core diameter of 3.7 m, cladding diameter of 80 m, and coating diameter of 135 m. The fiber length in the coil was 10.5 m. The coil was made by winding the fiber onto a paper former. UV cured optical cement was applied layer by layer as the winding was made. After the winding, the coil was cured under a UV lamp. The number of fiber turns is 274, and the number of layers is 15. The inner diameter of the coil is 11 mm, the outer diameter 14 mm, and the height 3.1 mm [8] . Using the method of Section I, the curves of of this coil versus the angle of orientation are calculated and plotted as shown in Fig. 14. The sensor is configured as a Mach-Zehnder interferometer, with the length of the reference arm equal to the sensing arm. The light source of the sensor is a single-mode diode laser operating at 830 nm wavelength, with a built-in optical isolator [8] .
The effect of position errors of source and sensor on the measurement result was considered in the experiment design. The errors are mainly from the vertical position of source transducer and the sensor coil when mounted in the tank. The centers of transducer and the sensor coil should be at the same height. If they were not at the same height then, when the sensor coil axis is facing the source, or is indicated on the dial, there will be a tilt angle between the sensor coil axis and the line connecting the source center and the coil center. In this case the incidence angle of the sound wave to the sensor coil becomes instead of , and the minimum incidence angle is instead of zero. This will affect the directionality curve, especially when is small. the position of the acoustic center of the transducer and the center of the coil was carefully set to be at the same height. In this way, the "tilt angle" is believed to have been minimized and was certainly less than 3 . 
D. Demodulation Scheme
The demodulation scheme is a passive homodyne with a coupler [9] . The demodulation circuit adopted for the directionality measurement was the improved symmetric circuit described in [10] . Two manually adjusted polarization controllers were inserted into the sensing arm and the reference arm respectively. The amplitude of one of the preamplifier outputs and the waveform of the square sum signal were monitored with an oscilloscope. In the measurement, the states of polarization of the two arms were adjusted to keep the output of the preamplifier at maximum and the square sum signal to be constant. When these two conditions are fulfilled, the working of the demodulation circuit is optimized.
E. Experimental Result of Directionality Measurement
The experimental results of the directionality measurements are plotted in Fig. 15(a)-(d) . The curves shown in Fig. 15(a) and (b) are polynomial best-fit curves. The curves shown in Fig. 15(c) and (d) are not from the polynomial fitting, but are just curves connecting the actual measurement points, because the experimental data of the measurements at these high frequencies are too complicated to be fitted to polynomial functions.
The amplitude of the driving voltage was kept constant during the measurements at each frequency. However, the frequency responses of both the piezoelectric hydrophone source and the fiber optic sensor are not flat. There are some resonance frequencies in the transducer-sensor system within the range 50-300 kHz. In order to obtain good accuracy, the detected signal should have enough amplitude to give a high signal-to-noise ratio (SNR). Therefore, the amplitude of the driving voltage was increased at the higher frequencies to compensate for the lower frequency response of the transducer, as shown in Table I . At the frequencies of 60 and 70 kHz, because of a resonance of the fiber coil at a frequency between them, the amplitude of the received signal was too high for a normal driving voltage of 1 V, so the amplitude of the driving voltage was reduced, in order to make the readings at these two frequencies comparable to the others.
IV. DISCUSSION
The experimental results of the directionality measurement are not in close accordance with the results of the calculation given in Fig. 14, as well as in Figs. 3-9 . In the theoretical results, the directionality curves always have their maximums at incidence angle, while the experimental curves mostly have the maximums at other angles, although some of them have a peak at 0 . For higher frequencies, the positions of the peaks and the valleys on the theoretical curves and the experimental curves are also different.
In Fig. 14 , the sound velocity was taken as 2300 m/s, which is the mean value for the longitudinal sound velocity in the fiber coil, using typical material parameters for the complex composite structure [5] . Comparing Fig. 14 with Fig. 15(c) and (d), we find there is a correspondence for the position of the minimum at kHz, but for the higher frequencies, the numbers of peaks and valleys do not correspond. If we use the sound velocity in the oil for this calculation, m/s, we obtain the results as shown in Fig. 16 . Comparing Fig. 16 with Fig. 15(c) and (d) , we found the numbers of peaks and valleys correspond, but the positions of them are not the same on the theoretical and experimental curves. These comparisons reveal that neither of these sound velocities may be properly used in the calculation. For the choice of the oil and the coil material should both be considered. Now if we use a velocity in between these two velocities, such as m/s, for the calculation, the results shown in Fig. 17 are obtained. Comparing Fig. 17 with Fig. 15(c) and (d), both the numbers and positions of the peaks and valleys correspond roughly to those for 200 and 300 kHz.
The resonance of the fiber coil is apparent from the experimental results shown in Fig. 15(a)-(d) and Table I . The resonant frequencies are at about 60 and 240 kHz. This effect is not predicted by the simplified theoretical model.
The experimental results show that the directionality of the fiber coil is quite complicated, and cannot be calculated exactly by the simple plane wave model, at least not for the frequency range of interest, from 50-300 kHz. The reasons why this simple, conventional theory is insufficiently accurate were considered in Section II: that it appears the discrepancy may be due to an elastic effect which is not taken into account in the theoretical model. A more accurate theoretical model needs to be established. It is also seen that the maxima and minima only correspond if a compromise value of sound velocity is used, between those for the oil and the coil materials. From the experimental results it may be seen that for all frequencies there is a trend whereby the ratio of the experimental response of the sensor to the calculated response increases with increase in the incidence angle.
The ratio is plotted in Fig. 18 as an average for all frequencies, using the compromise velocity, 1800 m/s. (The different exciting voltages of Table I were taken into consideration). Using this "angle sensitivity factor," averaged from measurements at all frequencies, the directionality may be re-calculated: the results are shown in Fig. 19 . This corresponds reasonably well to the observed directionality.
From the experimental results, we can see that although the fiber coil acoustic sensor has complicated directionality patterns, it does have a good acoustic response and an acceptable directionality in the frequency range of our interest. Therefore, the fiber coil sensor can be a good tool for application to the acoustic detection and location of partial discharges.
In future work, it is hoped to develop an improved, but very much more complex, calculation which can take into account the differing sound velocities in oil and coil sensor; the sensitivity resonances; and the directional sensitivity whereby it is so much more sensitive at 90 than 0 , whatever the frequency. Nevertheless, the measurements are internally consistent (as evidenced by Figs. 18 and 19) ; and the maxima and minima will tend to be averaged out in practice since the sensor will be responding to the partial discharge pressure pulses, which comprise a range of frequencies. It is likely, therefore, that it will in practice give a satisfactory response to partial discharges and enable their detection and location.
V. CONCLUSION
A calculation of the directionality of a fiber coil acoustic sensor has been made by using a plane wave approximation method. The results show that if the diameter of a fiber coil sensor is less than 20 mm, its directionality is relatively flat within 40 for frequencies below 150 kHz. Such directionality is acceptable for the application of partial discharge location in oil-filled high-voltage transformers.
The directionality of a fiber coil acoustic sensor has been measured by using the gating technique for frequencies from 50 to 300 kHz. The results show that the directionality of the fiber coil is not wholly consistent with those obtained in the calculations. The discrepancies are likely to originate in elastic resonances not considered in the simplified model, as well as the different sound velocities within the oil and the coil sensor. Further investigation into these problems will be the object of future work.
Nevertheless, the experimental results indicate that the fiber coil sensor and the detection circuits developed in this work can successfully be applied to the detection of partial discharges in power transformers.
